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Burnham Medical Research Institute, La Jolla, CaliforniaABSTRACT Solid-state NMR has been used to determine the structures of membrane proteins in native-like lipid bilayer en-
vironments. Most structure calculations based on solid-state NMR observables are performed using simulated annealing with
restrained molecular dynamics and an energy function, where all nonbonded interactions are represented by a single, purely
repulsive term with no contributions from van der Waals attractive, electrostatic, or solvation energy. To our knowledge, this
is the first application of an ensemble dynamics technique performed in explicit membranes that uses experimental solid-state
NMR observables to obtain the refined structure of a membrane protein together with information about its dynamics and its in-
teractions with lipids. Using the membrane-bound form of the fd coat protein as a model membrane protein and its experimental
solid-state NMR data, we performed restrained ensemble dynamics simulations with different ensemble sizes in explicit
membranes. For comparison, a molecular dynamics simulation of fd coat protein was also performed without any restraints.
The average orientation of each protein helix is similar to a structure determined by traditional single-conformer approaches.
However, their variations are limited in the resulting ensemble of structures with one or two replicas, as they are under the strong
influence of solid-state NMR restraints. Although highly consistent with all solid-state NMR observables, the ensembles of more
than two replicas show larger orientational variations similar to those observed in the molecular dynamics simulation without
restraints. In particular, in these explicit membrane simulations, Lys40, residing at the C-terminal side of the transmembrane
helix, is observed to cause local membrane curvature. Therefore, compared to traditional single-conformer approaches in im-
plicit environments, solid-state NMR restrained ensemble simulations in explicit membranes readily characterize not only protein
dynamics but also protein-lipid interactions in detail.INTRODUCTIONSolid-state nuclear magnetic resonance (NMR) spectroscopy
is a powerful method for determining the structures of
membrane proteins in native-like phospholipid bilayer
membranes. Measurements of dipolar coupling (DC) and
chemical shift anisotropy (CSA) solid-state NMR signals
provide precise orientation-dependent restraints that can
be used to determine the three-dimensional structure and
global orientation of a membrane embedded in phospholipid
bilayers (1,2). Solid-state and solution NMR observables
represent time- and ensemble-averaged measurements
and therefore contain information about both structure and
dynamics (3–5). Recently, we developed an ensemble
dynamics (ED) technique that uses solid-state NMR
observables and enables detailed characterization of the
orientational fluctuations of transmembrane helices (6,7).
In those calculations, the membrane was represented
implicitly with the lipid bilayer modeled as a static slab
of fixed width and a low dielectric constant in the hydro-
phobic core to mimic the properties of biological
membranes. However, even though such implicit model cal-Submitted November 17, 2014, and accepted for publication March 10,
2015.
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0006-3495/15/04/1954/9 $2.00culations are computationally efficient (8,9), they cannot
provide detailed atomic-level information about protein-
lipid interactions.
By contrast, calculations performed with explicit repre-
sentation of the lipid bilayer membrane reflect the atomic-
level interactions of proteins with the surrounding lipid
molecules, as the phospholipid bilayer is fluid and deform-
able. For example, in our recent structural refinement of
the membrane-embedded Pf1 coat protein using NMR-
restrained molecular dynamics (MD) simulations, a rela-
tively large thermal motion (~8 A˚) of the transmembrane
helix along the membrane normal was observed (10).
Even at the limits of such a large-amplitude fluctuation,
only a few transmembrane hydrophobic residues near the
membrane interface were exposed to water molecules,
because both the membrane-embedded protein and the sur-
rounding lipid molecules can dynamically adjust to comple-
ment each other during the simulations. In another recent
MD simulation study of gramicidin A in membranes of
various phospholipid compositions, Kim et al. observed
that local changes in lipid packing are induced by protein-
lipid interactions, and that these changes lead to variations
in lipid bilayer thickness as a function of radial distance
from the gramicidin A channel (11). Such bilayer adapta-
tions resulting from the interactions of membrane proteinshttp://dx.doi.org/10.1016/j.bpj.2015.03.012
ssNMR Ensemble Dynamics 1955with lipids are difficult to model in simulations performed
in implicit membranes, because most implicit-membrane
models cannot capture the adaptation of lipids to protein.
In this study, we describe a solid-state NMR-restrained
ED protocol for membrane protein structure refinement in
explicit bilayer membranes. By incorporating the effect of
the fluid lipid bilayer, it is expected that this ED approach
in explicit membranes can readily characterize not only pro-
tein dynamics but also protein-lipid interactions, whilemain-
taining agreementwith the experimental NMRdata. As a first
application of this approach, the membrane-bound form of
the major, pVIII coat protein from filamentous fd bacterio-
phage (hereinafter called fd coat protein) is used as a model
membrane protein. The fd coat protein resides within the
membrane of infected bacteria before assembling into new
virus particles (12,13). In its membrane-embedded state, it
forms an N-terminal periplasmic helix (residues 8–18) that
lies on the membrane surface and a transmembrane helix
(residues 21–45), and these helices are linked by a short
turn (residues 19–20) (12). During bacteriophage assembly,
the transmembrane helix extrudes from the bacterial mem-
brane, while positively charged side chains in its C-terminus
interact with the bacteriophage’s DNA, which is packaged in
the new phage particle (13).
The previously reported structure of membrane-inserted
fd coat protein (PDB:1MZT) was determined using 15N
CSA and 1H-15N DC frequencies measured in PISEMA
NMR resonances (12). These frequencies depend on the ori-
entations of the corresponding molecular sites and provide
orientational restraints for structure determination. As one
of the first examples of membrane protein structure determi-
nation by solid-state NMR, the fd coat protein structure was
calculated by converting the experimental NMR frequencies
into backbone dihedral angles without including the side
chains, without refinement by simulated annealing, and
without considering environmental effects. Using this previ-
ously reported structure and all its experimental solid-state
NMR observables (12), we performed restrained ED simu-
lations of fd coat protein in explicit phospholipid bilayers.
To determine an optimal ensemble size for extracting
dynamics of the protein and characterizing its interactions
with the lipid molecules, different numbers of replicas
were used to investigate the influence of solid-state NMR
restraints on the resulting ensemble structures and dy-
namics. In addition, a standard MD simulation without
solid-state NMR restraints was performed, and its results
were compared with those from solid-state NMR-restrained
ED simulations.FIGURE 1 ED simulation system of fd coat protein in a POPC/POPG
bilayer. The protein is shown as a cartoon (green); lipids are shown as
sticks with phosphorus atoms as spheres (orange); ions are shown as
spheres (potassium in magenta and chloride in green); and water is shown
as surface (blue). To see this figure in color, go online.MATERIALS AND METHODS
Solid-state NMR ensemble restraint potentials
We implemented the solid-state NMR ensemble restraint potentials ðUcÞ
(6) as simple harmonic restraint potentials in CHARMM (14).Uc is applied
over a certain number of replicas ðNREPÞ to constrain the ensemble-averaged property, ðhccalci iens ¼
PNREP
j¼1 c
calcðjÞ
i =NREPÞ, to the experimental
value, ðcexpi Þ, at each simulation time step:
Uc ¼ NREP
XNc
i¼ 1kc

ccalci

ens
 cexpi
2
; (1)
where c is either 15N CSA or 1H-15N DC, Nc is the number of target
experimental observables, and kc is the force constant (see Lee et al. (15)
for detailed calculation methods for each solid-state NMR observable). To
avoid overfitting the protein structure to the experimental data, we performed
cross-validation of the restraint potentials with different force constants
(6,16,17). Using this approach, we determined an optimal set of force con-
stants for kCSA ¼ 0.01 kcal/(mol$ppm2) and kDC ¼ 0.5 kcal/(mol$kHz2).
The total potential energy ðUTOTALÞ of the ensemble system is
UTOTAL ¼ UCHARMM þ UCSA þ UDC; (2)
where UCHARMM is the standard CHARMM potential energy.Simulations in explicit lipid bilayers
Membrane Builder (18,19) in CHARMM-GUI (www.charmm-gui.org/
input/membrane) (20) was used to insert the fd coat protein structure
(PDB:1MZT) (12) into a phospholipid bilayer composed of a 4:1 molar
mixture of POPC (palmitoyl-oleoyl-phosphatidylcholine) and POPG
(palmitoyl-oleoyl-phosphatidylglycerol), consistent with the experimental
conditions. In addition, 150 mM KCl was used for all simulations.
The ED simulation system (Fig. 1) has an initial size of 56.3 A˚ 
56.3 A˚  71.9 A˚ and contains 68 POPC, 17 POPG, and 3488 water mole-
cules, yielding a total number of 22,499 atoms. To examine the impact ofBiophysical Journal 108(8) 1954–1962
TABLE 1 System information
System ID
No. of Replicas
per Ensemble
No. of Ensembles
per System
ED1 1 32
ED2 2 16
ED4 4 8
ED8 8 4
ED16 16 2
ED32 32 1
MD1 1 1
1956 Cheng et al.solid-state NMR restraints on structure and dynamics as a function of
ensemble size, six solid-state NMR-restrained ED simulation systems
were built: ED1, ED2, ED4, ED8, ED16, and ED32 with numbers 1, 2,
4, 8, 16, and 32 indicating the number of protein replicas (Table 1). All
available experimental solid-state NMR restraints of PDB:1MZT (Table
S1 in the Supporting Material) were applied in each restrained system.
To avoid a bias resulting from an unequal number of replicas, all calcula-
tions were performed with an equal total number of 32 replicas in each
system (Table 1). Each replica was assigned with different initial velocities.
All calculations were performed in NPT (constant particle number, pres-
sure, and temperature) ensemble (21) at 295.15 K using CHARMM (14).
We used the CHARMM all-atom protein force field (22), including the
dihedral cross-term correction (23), the CHARMM36 lipid force field
(24), and a modified TIP3P water model (25). To account for potential dif-
ferences in the number of lipid molecules present in each bilayer leaflet due
to the location of the N-terminal periplasmic helix on the membrane sur-
face, we used the P21 periodic boundary condition (26) that allows lipid
molecules to move between the upper and lower leaflets of the bilayer dur-
ing the simulations. A time step of 1 fs was used for all ED simulations with
the SHAKE algorithm (27), as the ED simulations with 2 fs were not stable
due to the solid-state NMR restraint potentials. Each initial system was
equilibrated for 15 ns; van der Waals interactions were smoothly switched
off at 10–12 A˚ by a force-switching function (28) and the electrostatic in-
teractions were calculated using the particle mesh Ewald method (29) with
a mesh size of ~1 A˚ for fast Fourier transformation, k ¼ 0.34 A˚1, and a
sixth-order B-spline interpolation. After equilibration, a 30-ns production
was performed for each solid-state NMR ED simulation. All the analyses
were done using the last 20 ns of ED simulation trajectories and are pre-
sented as an average of replicas in the ensembles. The variations are the
standard deviations from the average.
For a standard, unrestrainedMDsimulation, theMD1 systemhad a greater
initial size (81.2 A˚ 81.2 A˚ 82.3 A˚) and thus larger total number of atoms
(54,391) to meet the technical requirements for simulations on the Anton
computer (30). The MD1 system has 148 POPC, 37 POPG, and 9688 water
molecules. We performed a 15-ns equilibration and a 500-ns production on
Anton (30) using theCHARMM36 force field (22–25). The simulationswere
performed at constant temperature (295.15 K) and pressure (1 atm) using
the Nose´-Hoover thermostat and the semi-isotropic Martyna-Tuckerman-
Tobias-Klein barostat (31,32). The time step was 2 fs, and trajectories
were saved every 240 ps. Short-range nonbonded and long-range electro-
static interactions were evaluated with a cutoff of 9.52 A˚ every 2 fs and
6 fs, respectively. Long-range electrostatic interactions were calculated
using the k-Gaussian split Ewald method (33) with a 64  64  64 grid.
SHAKE was used to constrain all bonds involving hydrogen atoms. The
last 200-ns trajectory of the MD1 simulation was used for analysis.RESULTS AND DISCUSSION
Validation of solid-state NMR restrained ED
When the average root mean-squared deviation (RMSD)
of back-calculated CSA of a simulation structure (or anBiophysical Journal 108(8) 1954–1962ensemble of structures) from the experimental CSA
is <10 ppm, we consider that the structure satisfies the
experimental CSA. In terms of DC, the criterion is 1 kHz.
The average CSA and DC RMSDs of PDB:1MZT are
5.7 ppm and 0.7 kHz (Fig. S1, A and B). Since the solid-state
NMR restraints were applied over an ensemble, by defini-
tion, the CSA and DC RMSDs for each replica in a certain
ensemble do not necessarily satisfy the experimental solid-
state NMR observables (Fig. S1, E and F). However, the
ensemble-averaged CSA and DC RMSD are very similar
to the experimental measures (Fig. S1, C and D). The data
in Fig. 2 and Table S1 show that the ensemble structures
resulting from all solid-state NMR restrained ED simula-
tions satisfy the experimental solid-state NMR data. As
the number of replicas per ensemble increases, the RMSDs
of the CSA and DC decrease (Fig. 2), indicating that the
resulting structure ensembles obtained with more replicas
better represent the experimental data. The same trend
was observed in our previous solid-state NMR restrained
ED simulations performed in implicit membranes (6,7).
The CSA and DC RMSDs observed for MD1, performed
without solid-state NMR restraints, are around fivefold
larger than those for ED1.
A number of factors contribute to the observed RMSDs
and complicate the precise reproduction of the experimental
NMR data with the restrained ED simulations. The use of a
single order tensor for the entire protein does not accurately
represent the actual system, where the order parameter of
a membrane-embedded site is likely greater than that of a
water-exposed site. Furthermore, the use of a single 15N
CSA tensor for all amino acids in the protein facilitates
the calculations but also contributes to the 15N CSA
RMSD. In a similar way, uncertainty about the precise
length of the amide NH bond, as well as the use of a single
value for all amino acids, contribute to the 1H-15N DC
RMSD. Furthermore, the relative values of the restraining
force constants for 15N CSA and 1H-15N DC have been
shown to affect structure calculations (17). In the context
of MD calculations, it is difficult to reproduce the experi-
mental solid-state NMR data directly from standard MD
simulations (as in MD1), because the individual residues
are not restrained by experimental data and thus have
more orientational degrees of freedom. Since a change in
the orientation of a molecular site leads to a distinctive
solid-state NMR measurement, subtle differences in the
orientation and conformation of fd coat protein during
MD can lead to large RMSDs. Given the complicating fac-
tors described above, it is notable that the unrestrained stan-
dard MD simulation can produce a reasonable level of
agreement with the experimental data. We anticipate that
future calculations performed with more realistic order pa-
rameters for different protein segments, different values of
the 15N CSA and 1H-15N DC NMR spin tensors, and
possibly different values of the restraining force constants,
will yield structures with lower CSA and DC RMSDs that
FIGURE 2 Validation of fd coat protein structure ensemble. (A and B) CSA and DC RMSD with respect to the experimental observables as a function of
the number of replicas per ensemble simulation. (C and D) Tilt and rotation angles of the periplasmic helix of fd coat protein. (E and F) Tilt and rotation
angles of the transmembrane helix of fd coat protein. The tilt angle is defined as the angle between the helix principal axis and the lipid bilayer normal. The
rotation angle is defined as the angle between the perpendicular vector (rs) from the helical axis to a Ca atom (S13 for the periplasmic helix and G34 for the
transmembrane helix) and the projection vector (zp) of the Z axis onto the plane made by the second and third principal axes. The sign of the rotational angle
becomes positive if zp  rs is in the opposite direction to the helical axis or negative otherwise. The error bars are the standard deviations from the average.
ssNMR Ensemble Dynamics 1957are closer to the experimental uncertainties (i.e.,51 ppm in
CSA and 50.25 kHz in DC).
In all ED and MD simulations, the backbone-atom RMSD
relative to the PDB structure is between 4.5 and 4.8 A˚, when
all residues (1–50) are included in the calculation. This is a
relatively large structural deviation for a smallmembrane pro-
tein like fd coat protein. However, the backbone RMSD be-
comes smaller (between 2.4 and 3.0 A˚) when only helical
residues (residues 8–18 and 21–45) are included, indicating
structural flexibility of the turn and terminal residues. Further-
more, as shown in Table S1, the N-terminal periplasmic helix
(residues 8–18) has backbone-atom RMSDs (0.4–0.5 A˚)
smaller than those (2.2–2.5 A˚) of the transmembrane
helix (residues 21–45). Although both segments Y21–A35
and G38–F45 in the transmembrane helix have backbone
RMSD in the range of 1.2 A˚, it is their different relative orien-
tation that contributes to the higher overall RMSD with
respect to the PDB structure. As shown in Fig. S2, the average
per-residue RMSDs for the solid-state NMR restraints
are <10 ppm for CSA and <1.5 kHz for DC for all trans-
membrane helix residues (Y21–F45) in all six ED systems.This suggests that the structures from all ED simulations
generally have different transmembrane conformations from
PDB:1MZT, but they also satisfy the experimental observ-
ables very well, as described in more detail below.Influence of solid-state NMR restraints on helix
orientations
As shown in Fig. 2, C–F, the ensemble-averaged helix tilt
angles (with respect to the membrane normal) and helix
rotation angles (along the helix axis) are similar in all
ED systems, and they also agree with those of the PDB
structure (tilt angles of 91.7 for periplasmic and 20.5
for transmembrane helices, and rotation angles of 76.2
for periplasmic and 25.7 for transmembrane helices).
However, the variations for tilt and rotation angles in
ED1 are obviously smaller than those in ED2, ED4,
ED8, ED16, and ED32, each of which has multiple rep-
licas. In a similar way, as shown in Fig. 3, ED1 always
yields highly homogenous orientational populations in
terms of tilt angles, indicating that such single-conformerFIGURE 3 Distributions of the tilt angles of the
periplasmic helix (A) and the transmembrane
helix (B) with respect to the membrane normal.
To see this figure in color, go online.
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NMR restraints. In Fig. 3 A, system ED2 presents two
major orientational populations of the periplasmic helix.
However, no visible, distinct interatomic interactions
are observed that might cause such a difference of ED2
from the other ED simulation systems. Theoretically, it
has been shown that restrained ED simulations provide
maximum-likelihood distributions that satisfy the imposed
restraints (34,35). These distinct populations in ED2 disap-
pear in the ensembles calculated with more replicas, and
are likely an artifact of applying ensemble-averaged
restraints with a too small number of replicas. In addition,
the distributions obtained from ED4, ED8, ED16, and
ED32 are very similar, and their broadness is comparable
to that of MD1, indicating that the minimal optimal num-
ber of replicas is 4 for these ED simulations.Biophysical Journal 108(8) 1954–1962Flexibility of transmembrane helix conformations
in simulations
In the PDB structure, a visible kink in the transmembrane
helix occurs at I37 with an angle of 17.7. Such pronounced
kinks (>15) at I37 are rarely observed in the ED and
MD simulations, and most structural populations appear to
have a straight transmembrane helix (Fig. 4). We note that
the PDB structure was calculated directly from the NMR
data, only for backbone atoms, without applying any
refinement protocol. Improvements in structural quality
upon refinement of NMR structures in the presence of either
implicit or explicit solution are well known (15,36–39).
Therefore, structure calculation using restrained ED in
an explicit lipid bilayer membrane, as described here,
is expected to yield a significant improvement in quality.
To further examine the transmembrane helix structureFIGURE 4 (A and B) Distributions of the angles
between the principal axes of two transmembrane
helical segments Y21–A35 and G38–F45 in
all structures from simulations (A) and the top
32 structures with the least NMR violations (B).
(C–H) The top 32 structures (green) are aligned
to PDB:1MZT (yellow) with respect to Y21–T36
in systems ED1 (C), ED2 (D), ED4 (E), ED8 (F),
ED16 (G), and ED32 (H). The G38–F45 region
is highlighted in orange in PDB:1MZT and in
cyan in the top 32 structures. To see this figure in
color, go online.
ssNMR Ensemble Dynamics 1959that best fits the solid-state NMR data, we selected 32 struc-
tures with the lowest NMR restraint violations; in this pop-
ulation, the transmembrane helix structures have RMSDs
of <3.5 ppm in CSA and <0.8 kHz in DC. Within this pop-
ulation, a few structures have a transmembrane helix kink
angle near 17 (Fig. 4 B), as observed in PDB:1MZT, indi-
cating that the latter still represents a thermally accessible
conformation of the transmembrane helix (Fig. 4, C–H)
with relatively low population. The kink angle distribution
range is ~25 in multiple-replica systems, indicating that
the transmembrane helix has flexibility near its C-terminal
end. Notably, two adjacent glycines (G34/G38) lining the
same side of the transmembrane helix seem to help confer
flexibility in this region of the protein.Protein-lipid interactions in explicit membranes
The flexibility of the transmembrane helix at the C-terminus
could be functionally important. During bacteriophage
extrusion across the bacterial membrane, flexibility in this
region could facilitate binding of bacteriophage DNA by
the charged amino groups of lysine side chains (K40,
K43, and K44), and thus assist bacteriophage packaging.
In all ED and MD simulations, these three lysine residues
near the C-terminus make frequent interactions with the
lipid polar headgroups, lipid hydrocarbon tails, and sur-
rounding water, and thus help anchor the transmembraneFIGURE 5 Interactions between each residue and solvent components. The gr
residue is found within 4 A˚ of a lipid hydrocarbon site (gray), lipid headgroup site
and MD1 (D). See Fig. S3 for all ED systems. To see this figure in color, go onhelix within the membrane (Fig. 5 and Fig. S3). Interest-
ingly, even though K40 is positioned close to the hydropho-
bic core, lipids in the lower leaflet (i.e., the C-terminal side)
can move up and adjust themselves to have the charged side
chain of K40 exposed to the solvent. As shown in Fig. 6 A,
using ED32 as a representative system, the Z coordinates of
lipid phosphorus atoms near K40 (black area) are closer to
the bilayer center. In other words, mainly K40 can induce
membrane curvature (i.e., the membrane thinning near
K40), which is observed in all ED and MD simulations. It
is interesting to see lipid deformation induced by fd coat
protein that is involved in the assembly and extrusion of
virus particle (40), but linking this observation to the protein
function characterization is beyond our scope.
While the protein-lipid interactions change the geometry
of the membrane, such interactions also contribute to stabi-
lization of the protein structure. For example, the periplas-
mic helix has hydrophobic residues (A7, A9, A10, F11,
L14, and A16) on one side, and polar or charged residues
(K8, D12, S13, Q15, and S17) on the other side. The
frequent hydrophobic interactions of the former with the
lipid carbon tails, as well as the hydrophilic interactions
of the latter with the lipid headgroups and/or water, help
determine the orientation of the periplasmic helix on the
membrane surface, as consistently observed in the MD1
system without any restraints (Figs. 5 and S3). Residues
Y21 and Y24 also frequently interact with the membrane,aph shows the frequency with which each atom or more atoms of a specific
(orange), or water molecule (blue), in system ED1 (A), ED4 (B), ED32 (C),
line.
Biophysical Journal 108(8) 1954–1962
FIGURE 6 (A) Average z coordinates of lipid
phosphorus atoms in the lower bilayer leaflet of
system ED32. The bilayer center was aligned to
z ¼ 0 and then protein from each snapshot was
aligned via translation on the xy plane. The z coor-
dinate values of phosphorus atoms in the lower
leaflet are presented in gradient color (purple,
red, and yellow). The black area shows where the
K40 charged side chain is positioned during the
simulations. (B) One snapshot from ED32 showing
the interactions between lipids and K40 (phos-
phorus atoms in orange, K40 in purple stick, and
protein in green cartoon). To see this figure in
color, go online.
1960 Cheng et al.helping to stabilize the transmembrane helix orientation
(Figs. 5 and S3). Because our ED simulations explicitly
include solvent molecules, such atomic-level interactions
are also essential determinants of the protein structure
(and orientation) in addition to the solid-state NMR
restraints.
The relative orientations of the periplasmic and trans-
membrane helices determine the overall structure of the
protein and therefore are functionally important. As shown
in Fig. 7 A, the fd coat protein maintains a well-defined
L-shape with a helix-helix hinge angle of ~70 in all sys-
tems. Under strong solid-state NMR restraints, ED1 shows
a narrow distribution with variations of ~10, whereas the
other ED systems, which have multiple replicas, show broad
distributions with variations of ~18, similar to that of MD1.
Fig. 7 B shows the distributions of the crossing angle
between the projections of principal helical axes of the
periplasmic and transmembrane helices on the membrane
surface. In a similar way, all ED systems (except ED1)
show broad distributions of crossing angles with variations
of ~23, as in MD1, highlighting the conformational
dynamics of fd coat protein.CONCLUSIONS
The experimental solid-state NMR data are well satisfied in
all NMR-restrained ED simulations and are better repre-
sented by structure ensembles obtained with more replicas.
By increasing the number of replicas, the strong bias
imposed by a set of experimental restraint potentialsBiophysical Journal 108(8) 1954–1962diminishes, and inherent protein dynamics governed by
the physical protein-lipid interactions becomes apparent.
Therefore, ED simulations can simultaneously capture
protein dynamics and an ensemble of conformations that
satisfies the experimental observables.
For membrane-integrated fd coat protein, the average
helical orientations are consistent in all simulation systems
in explicit membranes and agree with the PDB structure
calculated directly from the solid-state NMR data. Com-
pared to systems with a single-conformer (ED1) or two
replicas (ED2), which are under stronger influence of the
NMR restraints, the multiple-replica ED systems (ED4,
ED8, ED16, and ED32) show similar distribution patterns
in helix orientations and compare well with those obtained
from the standard, unrestrained MD simulation (MD1).
This demonstrates that with a proper ensemble size (more
than two replicas in each ensemble), the NMR-restrained
ED method can be very effective for generating stable
dynamics trajectories of membrane proteins in explicit
membranes. Specifically, for fd coat protein, significant
flexibility is observed at the C-terminal end of the trans-
membrane helix, which is likely to have functional
importance.
The efficacy of solid-state NMR-restrained ED has been
previously demonstrated with the refinement of transmem-
brane helix structure in implicit membrane environments
(6,7,41). Most implicit membrane models define a low-
dielectric slab that effectively mimics the hydrophobic
core of the membrane bilayer (8,9). This static, low-dielec-
tric slab can capture the general effect of biologicalFIGURE 7 Distributions of the (hinge) angles
between the principal axes of the periplasmic
and transmembrane helices (A) and the (crossing)
angles between their principal axes projected
on the xy plane (B). To see this figure in color,
go online.
ssNMR Ensemble Dynamics 1961membrane, such as hydrophobic mismatch (between the
length of a protein’s hydrophobic transmembrane domain
and the thickness of the bilayer hydrophobic core)
(42–45), yet the computational cost of such a system is
substantially lower than that of an explicit membrane
system. Thus, it has been widely used in many computa-
tional studies of membrane systems, including our earlier
work on structure determination of single-pass transmem-
brane helices with solid-state NMR-restrained ED simula-
tions (6,7,41). Nonetheless, despite many advantages in
implicit membrane models, the undeformable nature of
the hydrophobic slab is one of its most significant draw-
backs. The biological membrane bilayer is fluid and
membrane protein function is in part regulated by changes
in lipid bilayer thickness and intrinsic lipid curvature (46).
In particular, in the case of a hydrophobic mismatch, the
bilayer adaptation involves local changes in lipid bilayer
thickness (also known as local membrane thickening
or thinning), and possibly changes in the protein’s trans-
membrane domain orientation (11,47–52). Most implicit
membrane models are not able to provide such bilayer adap-
tation determined by detailed protein-lipid interactions.
To address these drawbacks, several deformable implicit
membrane models have been recently proposed (53–55),
but their accuracy and general applicability have yet to be
validated.
This work shows that using an explicit membrane envi-
ronment in solid-state NMR-restrained ED simulations has
the important advantages of providing detailed atomic-level
information about protein-lipid interactions, as observed
for residues K40, K43, and K44, which are involved in
DNA binding in the bacteriophage and are anchored to the
membrane surface in the membrane-bound form of the
protein. Notably, K40 is observed to induce membrane
curvature in the lower bilayer leaflet.
We conclude that solid-state NMR-restrained ED simula-
tions of membrane-bound fd coat protein performed in
explicit lipid bilayer membranes are very effective for
determining protein structure within the membrane and
extracting protein dynamics. This approach could be very
useful for improving the accuracy and quality of membrane
protein structures determined by solid-state NMR as it is
increasingly applied to membrane proteins in nanodiscs.SUPPORTING MATERIAL
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